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Abstract: This study assesses the impacts of recent climate changes on drought-affected
areas and the occurrence of droughts during different cropping seasons of Nigeria using the
standardized precipitation evapotranspiration index (SPEI). The crop growing seasons are considered
because the droughts for those periods are more destructive to national agricultural production.
The Mann–Kendall test and binary logistic regression were used to quantify the trends in
drought-affected areas and the occurrence of crop droughts with different areal extents, respectively.
Gauge-based gridded rainfall and temperature data for the period 1961–2010 with spatial resolutions
of 0.5◦ were used. Results showed an increase in the areal extent of droughts during some of the
cropping seasons. The occurrences of droughts, particularly moderate droughts with smaller areal
extents, were found to increase for all of the seasons. The SPEI values calculated decreased mostly in
the regions where rainfall was decreasing. That is, the recent changes in climate were responsible
for the increase in the occurrences of droughts with smaller areal extents. These trends in climate
indicate that the occurrence of larger areal extent droughts may happen more frequently in Nigeria in
the future.
Keywords: climate change; standardized precipitation evapotranspiration index; extent of drought;
severity of drought
1. Introduction
An increased severity and frequency of droughts around the globe has been noticed in recent
decades [1–5]. They have severely affected agriculture, people’s livelihoods, and national economies
in many countries around the world [6–8]. Most of the climate models project a continuous increase in
the frequency and severity of droughts in the forthcoming years [9,10]. The impacts of climate change
on drought may be more evident in East Asia, South Asia, and on the African continent.
Though a number of studies reported the significant increase of drought’s geospatial coverage,
intensity, and frequency across Africa, Nigeria has not experienced any devastating droughts in the
last three decades. This is also supported by the records of drought events of the Centre for Research
of the Epidemiology of Disasters [CRED] database EM-DAT [11] based on affected and estimated
economic damages. However, Nigeria is located in the high drought risk region of the world [12].
Temperatures in the whole of Nigeria increased over the period 1971–2012 [13], and rainfall over the
country decreased during 1901–2000 by 20% [14]. Climatic change has increased the severity and
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frequency of droughts in different African countries [15]. The lack of reporting on devastating droughts
in the last several decades emphasizes the need to understand how the recent changes in climate have
affected droughts in Nigeria.
The numerous studies that have been conducted on droughts in Nigeria over the last 40 years
have used different indices [16–34]. However, without any indication of agricultural drought risk
considering varying cropping periods, these studies attempted to characterize droughts generally.
Furthermore, studies conducted so far to assess the changes exerted on Nigeria by the recent changing
climate and how it has changed drought characteristics were not conducted on a nationwide scale.
If their occurrence is not within the crop growing season, the destructive droughts are not coincidental
with severe droughts [35]. Therefore, drought changes during crop growing seasons are the most
important consideration for the better assessment of drought hazard and the development of necessary
adaptation and mitigation planning [36,37]. Therefore, this study has the objective of assessing the
impacts of recent changes in climate on drought-affected areas, and the occurrence of droughts during
Nigeria’s different cropping seasons.
Although a large number of indices have been developed for the identification and
characterization of droughts, the standardized precipitation index (SPI) [38] has been the most
widely used drought index. However, because evapotranspiration also plays a major role in
agricultural water stress and crop production, the standardized precipitation evapotranspiration
index (SPEI) [39] was developed. The SPEI considers potential evapotranspiration (PET) in addition
to rainfall in assessing drought, and has therefore been found more effective to detect the temporal
variability of droughts [40,41]. Furthermore, the SPEI is more suitable to assess the impacts of global
warming-induced climate change on drought characteristics [42,43]. A number of studies have been
conducted in recent years on the characterization and trend analysis of agricultural droughts using
the SPEI [43–45]. Mohsenipour et al. [43] analyzed the changes in the return period of droughts
during different cropping seasons of Bangladesh using the SPEI. Tian et al. [45] used the SPEI for
the prediction of agricultural droughts in the Xiangjiang River Basin of China. Prabnakorn et al. [46]
analyzed the relationship between crop yield and the SPEI for the assessment of drought impacts on
rice production in the Mun River Basin of Thailand. These studies revealed the effectiveness of the
SPEI in the assessment of agricultural droughts in different climatic regions.
The SPEI was used for the reconstruction of spatial patterns of droughts in Nigeria for the growing
seasons of crops—namely, yam, rice, corn, millet, and sorghum—for the period 1961–2010. This study
utilized gauge-based gridded rainfall and temperature data for the period 1961–2010 with a spatial
resolution of 0.5◦. The Mann–Kendall trend test and binary logistic regression were used for the
identification of trends in drought-affected areas and the occurrence of droughts. The methodology
presented in this study is anticipated to provide better insight into the changing characteristics of
droughts, which have had significant impacts on agriculture and the economy due to climate change.
2. Study Area and Data
Nigeria is located in West Africa (Latitudes 4◦15′–13◦55′ N; Longitude: 2◦40′ and 14◦45′ E),
and has an area of 923,000 km2 (Figure 1). The Nigerian climate can be classified into two major
seasons: namely, the rainy and the dry seasons. The amount and timing of rainfall varies significantly
over the country, with the southern parts receiving an annual rainfall of over 2000 mm, mostly
occurring between April and October, and the northern parts receiving an annual rainfall below
500 mm, which mostly occur between June and September. The temperature ranges from 30–37 ◦C in
the south, and as high as 45 ◦C in some parts of the north before the rainy season begins, while the
temperature goes as low as 12 ◦C in the north and ranges between 17–24 ◦C in the south during
the dry season (December–February). The land of Nigeria can be classified into four climatic zones:
namely, tropical savanna climate, monsoon climate, warm semi-arid climate, and warm desert climate,
according to the Koppen classification (Figure 1). The elevation of Nigeria ranges from 0 m near the
coast of Atlantic Ocean in the south to 2419 m in Chappal Waddi in northeastern Nigeria (Figure 1).
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seasons for all of the crops. The cropping seasons of corn and rice vary between the south and north 
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Figure 1. The topography and climatic zones of Nigeria.
Agriculture plays a significant role in the economy of Nigeria as it contributes about 20% of the
country’s gross domestic product (GDP) [47]. Agriculture provides a main source of livelihood for
70% of Nigerians. Nigeria produces various food crops including rice, corn (maize), yam, cocoyam,
beans, sorghum (guinea corn), melon, and soya beans, among others [48]. Amongst these, rice, yam,
corn, sorghum, and millet are the most consumed. Any reduction in the production of these major
crops due to natural hazards such as droughts would have a significant impact on people’s livelihood
and the economy of the country.
The monthly precipitation data used in this study was obtained from the global precipitation
climatology center (GPCC), with a spatial resolution of 0.5◦ × 0.5◦, and the temperature data was
obtained from the climate research unit (CRU). The monthly time series of rainfall and temperature for
the period 1961–2010, which were estimated at 326 GPCC and CRU grid points, were used to estimate
the areal extents of droughts in Nigeria.
3. Methods
3.1. Defining Cropping Seasons
The calendar for selected crops of Nigeria is shown in Figure 2. Yam, being a tuber crop, generally
has a longer growing season compared to other crops. Some of the crops, such as rice and corn, have a
main and a second cropping season. This study considered only the main cropping seasons for all
of the crops. The cropping seasons of corn and rice vary between the south and north of Nigeria.
Therefore, those cropping seasons for both the north and south are considered.
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3.2. SPEI for Crop Drought Analysis
The SPEI method [39] considers both rainfall and evapotranspiration for the identification of
droughts. Different temperature, radiation, and mass transfer-based methods are available for the
estimation of PET [49]. Vicente-Serrano et al. [39] proposed the use of the Thornthwaite method for
the estimation of PET for the calculation of the SPEI. Stagge et al. [50] suggested that the SPEI is not
sensitive to the method used for the estimation of PET. On the other hand, Begueria et al. [42] showed
that differences between the SPEI series that are calculated using different PET methods may be
significant in some regions, such as in semi-arid regions. They proposed the use of Penman–Monteith
method as the first choice, followed by the Hargreaves and Thornthwaite methods for the calculation
of the SPEI. Among these methods, the Thornthwaite method requires only average temperature for
the calculation of PET, and therefore, it is the most widely used method in the region where data
availability is limited only to average temperature data. Therefore, the Thornthwaite method was used
in this study for the estimation of PET.
In the SPEI, the difference accumulated between monthly precipitation and potential
evapotranspiration at different time scales are fitted with a three-parameter probability distribution
function (PDF). The estimated parameters of the best-fitted PDF are used to calculate SPEI values.
An SPEI value in between −1.0 and −1.5 indicates a moderate drought, and that between −1.5 and
−2.0 means a severe drought, while the value below −2.0 presents an extreme drought.
The drought for a season is determined from the SPEI value at the last month of the season
estimated for the time period of the season. Water is more critical during sowing and the mid-season
(vegetative) period for crop production. Therefore, the SPEI value was calculated for the period
spanning the sowing and vegetative stages of a crop for the assessment of drought for that crop.
For example, a three-month SPEI value computed in August was used for the analysis of droughts for
Millet. The periods used for the estimation of droughts during different crop growing seasons using
the SPEI are given in Table 1. The SPEI values at all of the 326 grid points were computed to estimate
the affected areas by various severities of droughts during different crop growing seasons.
Table 1. The periods used for the calculation of the standardized precipitation evapotranspiration
index (SPEI) values in order to estimate droughts during different crop growing seasons.
Crop Season Period (Month)
Corn (S) March–May 3
Corn (N) May–July 3
Millet June–August 3
Rice (N) June–October 5
Rice (S) April–July 4
Sorghum May–August 4
Yam February–September 8
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3.3. Trends in Droughts
The non-parametric Mann–Kendall (MK) test [51] was used in assessing trends in drought-affected
areas. The normalized test statistic Z is estimated by the MK test to estimate the significance of trends.
A threshold of 95% confidence level for positive and negative trends significance classification was
used in this study. If |Z| > 1.96, there is a rejection of the null hypothesis of no trend at the 95% level
of significance.
Logistic regression [52] can be used to model the occurrence of an event in respect to time.
The binary logistic regression coefficient can be used for the assessment of a trend in a binary time
series. Therefore, logistic regression was used in this study to assess how the occurrence of drought
changes with time. For this purpose, a binary time series was generated for drought-affected areas,
where 1 was used to represent the occurrence of drought that affected a certain threshold of an area
(e.g., 5% of total area) in a year, and 0 was used for no droughts, or a drought that occurred but affected
an area that was less than the threshold area. The logistic regression model for the binary time series
was developed to estimate the changing probability of drought event, x:
pi(x) =
ez
1 + ez
(1)
where, z is known as a linear predictor, which is given as:
z = ln
(
pi
1− pi
)
(2)
In term of y, the model can be written as y = pi(x) + ε.
A number of assumptions of the ordinary least squares are violated by the binary response model,
and therefore, the maximum likelihood method was used for estimating the model parameters of
a logistic regression model, with the assumption that y is a Bernoulli random variable. The Wald
test was used to assess the significance of the regression coefficient in the logistic regression model,
and therefore, the significance of a trend in the occurrence of droughts. The Wald test statistic is
calculated by dividing the regression coefficient value by the standard error of the model. The null
hypothesis of no trend in the occurrence of droughts can be rejected if the Wald test statistic is less
than the critical table value at a 95% level of confidence.
4. Results and Discussion
4.1. Reconstruction of Historical Droughts
The SPEI values for each cropping season for all of the years between 1961–2010 were calculated
for each grid point, and the maps of drought-affected areas for all of the years were prepared. While the
cropping seasons are the same for some crops—including yam, sorghum, and millet, the cropping
seasons are different for rice and corn for the north and the south. Therefore, the maps were scrutinized
to estimate the areas covered by various severities of droughts during different crop growing seasons.
The spatial results for four selected years for yam, rice (N), corn (N), sorghum, and millet are shown
in Figure 3. The drought-affected years in Figure 3 were chosen, considering that the areas affected
by moderate droughts are at least 30% of the total area for those years. The spatial distribution
of the different classes of droughts varied for the various crops within Nigeria for all of the crops
and for the selected years. However, the affected areas by droughts during the rice (N) cropping
seasons were similarly affected by droughts for the cropping season for sorghum in the same years.
The north–central part of Nigeria was severely affected by extreme droughts in the year 2004 during
the rice cropping season in the northern part of Nigeria. Drought severities and affected areas were
least for the years 1973 and 1976 for the millet cropping season, and 1977 for the yam cropping season.
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The areas affected by droughts of different severities in each year between 1961–2010 were
estimated through preparing the drought time series of the affected areas during different cropping
seasons, as shown in Figure 4. These identified the drought years for different crops. For example,
a significant portion of Nigeria was affect by droughts during the yam-growing period in years 1970,
1973, 1977, 1983, 1987, and 2006 (Figure 4a). Similarly, the droughts during the rice-growing period
in the north was found to occur in the years 1972–1976, 1982–1984, 1987–1988, 2003–2004, and 2009
(Figure 4b).
Sustainability 2018, 9, x FOR PEER REVIEW  6 of 13 
1973, 1977, 1983, 1987, and 2006 (Figure 4a). Similarly, the droughts during the rice-growing period 
in the north was found to occur in the years 1972–1976, 1982–1984, 1987–1988, 2003–2004, and 2009 
(Figure 4b). 
 
Figure 3. Spatial distributions of different severities of droughts for crops (a) yam; (b) rice (N); (c) 
corn (N); (d) sorghum; and (e) millet for selected years. The SPEI values between −1.0 to −1.5 indicate 
a moderate drought, −1.5 to −2.0 indicate a severe drought, and less than −2.0 indicate an extreme 
drought. 
Figure 3. Spatial distributions of different severities of droughts for crops (a) yam; (b) rice (N); (c) corn (N);
(d) sorghum; and (e) millet for selected years. The SPEI values between −1.0 to −1.5 indicate a moderate
drought, −1.5 to −2.0 indicate a severe drought, and less than −2.0 indicate an extreme drought.
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Figure 4. Time series of the drought-affected areas (%) during the cropping seasons of (a) yam; (b) rice
(N); (c) rice (S); (d) corn (N); (e) corn (S); (f) sorghum; and (g) millet.
4.2. Trends in Drought Affected Area
The MK trend test results on the droug t time series of affected areas are given in Table 2.
The numbers in the table indicate the changes in the drought-affected areas in km2/decade. The bold
numbers indicate a significant change at a 95% level of confidence. The table shows the increases in the
drought-affected areas for all of the crop growing seasons, except for rice (S) and corn (S). The highest
increases in drought-affected areas were observed for moderate yam droughts, at 10.38 km2/decade.
The highest increase in severe droughts was observed for sorghum at 4.11 km2/decade, while the
highest increase in extreme droughts was for millet, at 3.33 km2/decade. The severe and extreme
drought-affected areas were found to increase for all of the crop growing seasons, except for those of
rice (S) and corn (S), while the moderate drought-affected areas are increasing during the yam, rice (N),
and millet crop-growing seasons.
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Table 2. Trends in affected area by various severities of droughts during different crop growing seasons.
The bold numbers in the table indicate a significant change at a 95% level of confidence.
Crop
Change in Drought-Affected Area (km2/decade)
Moderate Severe Extreme
Yam 10.38 2.78 1.65
Rice (N) 5.88 2.22 2.07
Rice (S) 0.76 1.62 0.90
Corn (N) 3.70 2.72 1.39
Corn (S) 0.68 0.68 0.28
Sorghum 5.45 4.11 1.83
Millet 7.50 3.33 3.33
4.3. Trends in Occurrence of Droughts
Trends in the occurrence of droughts with different areal thresholds were assessed using logistic
regression to understand regional changes in all of the crop drought frequencies. For this purpose,
a binary time series of occurrence of droughts with different areal thresholds were prepared for all
of the severities of droughts for all of the seasons. For example, a binary time series of occurrence
of moderate yam droughts that affected at least 10% of the area of Nigeria is shown in Figure 5a.
The occurrence of drought in a year is represented as 1, and no drought or droughts affecting less than
10% of the area of Nigeria is represented as 0 in the figure. The best-fit logistic regression line for this
binary time series is also shown in Figure 5a. The slope coefficient of regression Equation (1) gave the
changing probability of drought events.
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droughts for different areal thresholds are shown in Figure 5b. The changes in drought events are 
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several years. Therefore, changes in droughts are presented in this paper as events/decade instead of 
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Figure 5. (a) Trends in moderate yam droughts that affected at least 10% of the area of Nigeria;
(b) changes in the probability of occurrence of moderate yam droughts having different areal thresholds.
The red segment represents significant change.
The rate of change in the probability of the occurrence of a drought event and its significance
are estimated for ar al thresholds ranging from 1% to 30%. A trend analysis was ot conducted for
droughts of areal extents of more than 30%, due to their r occurrences. Changes in the proba ility of
occurrence of moderate yam droughts with different ar al thresholds are shown in Figure 5b. For the
preparation of the figure, a separate binary time s ries of occurrence of yam droughts with an areal
extent of less than 1%, 2%, 3%, etc. were prepared. Therefore, a total of 30 binary time series were
prepared for areal thresholds ranging from 1% to 30%. Logistic regression was conducted over each
of the 30 binary time series in order to assess the rate of change in the occurrence of droughts with
different areal extents, as well as the significance of the change. The magnitudes of changes in droughts
for different areal thresholds are shown in Figure 5b. The changes in drought events are very slow
phenomena. It may not be noticeable for a short interval of time, which can be up to several years.
Therefore, changes in droughts are presented in this paper as events/decade instead of events/year.
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The significant changes are presented in red in the figure, which shows that the occurrence of moderate
yam droughts with areal extents in the range of 2% to 20% are significantly increasing in Nigeria.
A similar analysis was conducted for different droughts severities for all of the crop growing
seasons. Droughts were found to significantly increase for a certain range of areal threshold for all
of the cases. No significant decrease was found for any case. Obtained results are summarized in
Figure 6. The bars represent the areal extents for which different severities of crop droughts are
increasing significantly.
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Figure 6 shows that the occurrence of regional moderate droughts is increasing for a wide range
of areal threshold for all of the crop growing seasons, except for corn (N). On the other hand, increases
in extreme droughts occurred in limited areal thresholds. The increases in the areal extents of extreme
droughts were found to be high only for corn (S) and millet, which indicates that these two crops are
more vulnerable to water stress. The occurrence of moderate droughts is increasing for a wider range
of areal extents during the yam, millet, and rice (S) crop growing seasons. Meanwhile, the occurrence of
severe droughts is increasing for a wider range of areal extents during the corn (S), corn (N), and millet
crop-growing seasons, and the occurrence of extreme droughts increasing for a wider range of areal
extents during the millet and corn (S) crop growing seasons. Overall, the results revealed that the
occurrence of droughts, particularly moderate droughts with various areal extents, is increasing in
Nigeria. Increasing occurrences of various severities of droughts were found for a wider range of areal
extents during the millet crop growing season, and were found to be the least during the corn (N)
crop growing season. Though the areal extents of the droughts for some seasons are not changing
in Nigeria (Table 1), the occurrences of all of the severities of droughts for a certain areal extent are
increasing for all of the seasons.
4.4. Changes in Rainfall and Te perature
Rainfall, te perature, and SPEI trends during different crop growing seasons were assessed using
the MK test in order to understand the climate change impacts on the occurrences of droughts in
Nigeria. Spatial patterns in the trends of total rainfall, mean temperature, and SPEI values during the
yam growing season are shown in Figure 7. It shows that there is an increase in the mean temperature
all over Nigeria (Figure 7b), but an insignificant change in rainfall, except in a small patch in the
southeast and the northeast of the country (Figure 7a). The changes in the SPEI during the yam
growing season shows the significant decrease in the SPEI values or the increase in drought severity
at a few grid points distributed in different parts of the country. The SPEI values were found to
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decrease mainly in the regions where rainfall was decreasing. Increasing drought severities at a few
other grid points were due to the increase in temperature. The percentages of grid points showing
a significant decrease in rainfall and increase in temperature and SPEI values during different crop
growing seasons are summarized in Table 3. Though the temperature has increased in most parts
of Nigeria, changes in rainfall are still very rarely visible. The increases in rainfall at a higher (8.6%)
number of grid points were found for the sorghum and rice (N) growing seasons. This indicates a
significant increase in rainfall in some parts of Nigeria in the beginning of the rainy season. However,
the increases in temperatures during the different crop growing seasons have changed the SPEI values
at a small number of grid points over Nigeria. The decrease in SPEI values occurred mainly due to the
decrease in rainfall. This has only significantly changed droughts with smaller areal extents.
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season of Nigeria.
Table 3. Percentage of grid points where total rainfall is decreasing, and daily mean temperature
and SPEI values are increasing significantly at a 95% level of confidence during different crop
growing seasons.
Cropping Season Rainfall Temperature SPEI
Yam 3.4 10 . 3.7
Rice (N) 8.6 100.0 9.2
Rice (S) 4.9 100.0 4.0
Corn (N) 1.5 100.0 1.5
Corn (S) 2.8 100.0 4.0
Sorghum 8.6 10 . 1.5
Millet 3.4 100.0 2.8
Although the significant changes in SPEI values are visible only at a few grid points, the decreasing
tendency of SPEI values was found all over Nigeria for all of the cropping seasons. The trends
regarding rising temperatures may cause a continuous decrease in the SPEI values, which would make
it significant for most parts of Nigeria. Decreasing SPEI values may affect droughts of all areal extents,
and may cause an increase in the occurrence of more severe droughts.
5. Conclusions
The impacts of recent (1961–2010) climate changes on droughts in Nigeria have been assessed in
this study. Results revealed that temperatures are increasing all over Nigeria, and rainfall is changing
only in some small regions during different crop growing seasons. However, the SPEI values were
found to decrease only for droughts covering 1.5–9.2% of the country, which indicates that changes in
the climate over the period 1961–2010 had less influence on drought severity in Nigeria. The SPEI value
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was found to decrease mainly in the region where the rainfall was decreasing, which indicates that
rising temperature so far has affected SPEI values at only a few locations. However, there are decreasing
tendencies of the SPEI values in many parts of the country due to rising temperatures. This indicates
that the continuous increase in temperatures as predicted by global climate models would significantly
decrease the SPEI values in most parts of the country in the near future, which would make the
droughts with large areal extents more frequent. Recent changes in climate have already increased
drought-affected areas during different crop growing seasons. The increases were found to be more
prominent for moderate droughts with smaller area extents. Climate change may affect the droughts of
all of the areal extents, and may make all severities of droughts more frequent. Due to the unavailability
of district or sub-state level crop production time series data, it was not possible to assess the impacts
of droughts on crop yield in Nigeria. Such study can be conducted in the future in order to verify the
results presented in this study.
Climate change impacts on droughts are not visible in many regions such as Nigeria.
The prolonged absence of severe droughts often misleads, as it appears to imply a trend of decreasing
droughts frequency in recent years. A detailed analysis has been conducted in this study to assess
the impacts of the changing climate on the severity and occurrence of droughts of different areal
extents during the growing seasons of crops in Nigeria. The methodology presented in this study
can be applied to any other region for the better assessment of changing characteristics of droughts.
Global warming-induced changes in climate have caused a sharp rise in natural hazards, including
droughts, which in turn has affected the livelihoods of the large portion of the global population that
are dependent on agriculture. Understanding the changing characteristics of droughts due to climate
change is very important for mitigation and adaptation planning. The methodology proposed in this
study can be used for the better assessment of droughts, which in turn can be useful for planning
adaptation strategies to climate change and achieving sustainability in agriculture.
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